Insect pollination is necessary for one-third of our food and is a vital part of the ecosystem. The honeybee A. mellifera is a key pollinator, with its services to agriculture valued at >$200 billion per year worldwide 1 . It is therefore a major cause of concern that honeybees have faced huge and largely unexplained colony losses in recent decades 2 . However, little is known about global patterns of genomic variation in this species, which hold the key to an understanding of its evolutionary history, the biological basis of adaptation to different climates and mechanisms governing resistance to disease.
The native distribution of A. mellifera encompasses Africa, Europe and western Asia [3] [4] [5] [6] [7] [8] , and molecular dating suggests that the population expanded into this range around 1 million years ago 3, 4 . Conflicting hypotheses have been proposed for the origin of this expansion 8 , with analyses of limited numbers of genetic and morphometric markers supporting an origin in the Middle East [3] [4] [5] and a study of nuclear SNPs arguing for an African origin 7, 9 . Honeybees show substantial phenotypic variation across their extensive geographic range. European bees exhibit morphological and behavioral adaptations to survive colder winters, whereas African colonies are more aggressive and show a greater tendency to swarm. African bees are also reported to have greater resistance to the pathogenic mite Varroa destructor [10] [11] [12] , a major honeybee pathogen 13, 14 . The genetic basis of this phenotypic variation is largely unknown.
Humans began harvesting wax and honey from honeybee colonies at least 7,000 years before the present 15 . Human activity has led to the transportation of honeybee colonies all over the world, artificial selection for desirable traits and gene flow between native subspecies 16 , including the expansion of hybrid strains of Africanized bees, known for their highly aggressive stinging behavior, across the Americas 17 after their introduction to Brazil. The effects of these processes on the levels of genetic variation in honeybees have not been comprehensively evaluated. Here we investigate the evolution and genetic basis of adaptation in honeybees by performing whole-genome sequencing of 140 A. mellifera worker bees from 14 separate populations from a worldwide sample.
1 0 8 2 VOLUME 46 | NUMBER 10 | OCTOBER 2014 Nature GeNetics A r t i c l e s (n = 10 for each population; Fig. 1a and Table 1 ). We also sequenced Apis cerana workers from Japan (n = 10) and a haploid drone from the DH4 strain descended from the sample used to construct the genome assembly 9 for quality control (Supplementary Fig. 1 ). In total, we obtained a genomic data set with 634× coverage and called 8.3 million SNPs ( Table 1, Supplementary Fig. 2 and Supplementary Note).
An evolutionary tree of samples from native A. mellifera subspecies ( Fig. 1b and Supplementary Fig. 3 ) inferred from all SNPs demonstrated strong clustering of samples according to four major groups previously delineated on the basis of morphometric and genetic classification [3] [4] [5] [6] [7] [8] : group A (comprising subspecies from Africa), group M (comprising subspecies from western and northern Europe), group C (comprising subspecies from eastern and southern Europe) and group O (comprising subspecies from the Middle East and western Asia). A previous study of nuclear SNPs argued for an African origin on the basis of the position of the root of a phylogenetic tree 7, 9 , although a reanalysis of these data did not support this finding 8 . The root of our tree, defined by the A. cerana sequences, was placed unequivocally between the four clades. An African origin of A. mellifera is therefore not supported by our data, which did not identify any of the extant groups as being ancestral. Our analysis therefore does not explicitly support a specific model of A. mellifera origin but is most parsimonious with an origin in Asia, considering that all other extant Apis species are found there.
Levels of genetic variation were high in all samples. Among the native A. mellifera subspecies, those from Africa harbored the greatest variation. Watterson's estimator of the population mutation rate per base (θ w ) in African bees was 0.79%, whereas native European subspecies had lower levels of variation (average θ w values of 0.30% and 0.33% for the C and M groups, respectively), and Middle-Eastern subspecies were intermediate (average θ w value of 0.47%; Table 1 and Supplementary Note), in concordance with previous studies based on a few loci 16 . We also note an extremely fast decay of linkage disequilibrium (LD) with physical distance, which reflects the high recombination rate in honeybees 18 (~50% reduction in the r 2 linkage statistic with only 500 bp; Supplementary Fig. 4) . We estimated the effective population size (N e ) in European populations as ~200,000, whereas it was much higher in Africa (~500,000; Table 1 ). African populations also showed the lowest levels of LD, consistent with the higher N e ( Supplementary  Fig. 4 ). Higher N e estimates in Africa are consistent with other studies of genetic variation 16, 19, 20 , and the current population of wild African bees is known to be larger than the corresponding population in Europe 19 . However, the eusocial structure of honeybees is commonly believed to result in low N e values, and our estimates of N e are much higher than previous ones 21 . Our results suggest that mechanisms such as an extremely panmictic mating system and extensive geographic gene flow 22 maintain high levels of genetic variation in honeybee populations. In general, there was a high degree of allele sharing among honeybee populations. About 1 million SNPs were polymorphic in all 4 major groups of honeybee (Fig. 1c) . The higher genetic variation exhibited by mixed domestic beekeeping strains in both Europe and North America (Table 1) reflects their hybrid origins 16 . Honeybees are unusual among domestic species in that recent human management has increased genetic diversity in comparison to ancestral wild populations. Africanized bees from South America harbor similar levels of variation to those observed in African subspecies, which is a striking observation given that this additional variation is derived from a limited number (48) of mated queens from Africa 17 .
Demographic history
Analyses of genetic co-ancestry partitioned native samples into the four known groups with high confidence [3] [4] [5] [6] [7] [8] (Fig. 1d, Supplementary  Figs. 5 and 6 , and Supplementary Note). Subspecies from different groups had an average pairwise F ST (allelic fixation index) of 0.42 and could be clearly distinguished, but there was extremely little genetic differentiation between subspecies within groups (average F ST = 0.10; Supplementary Fig. 7 ). The domestic strains from both Europe and North America were strikingly similar and clustered primarily within the C group, likely owing to the dominant influence of the Italian bee A. mellifera ligustica in beekeeping 5 . The Africanized population from South America showed mostly African ancestry, with the contribution of European alleles from the M group. We detected evidence of admixture in the A. mellifera syriaca subspecies from Jordan, which we estimated to have derived ~18% of its genetic ancestry from African (A-group) bees.
The relationship between the four honeybee groups suggests an ancient split between them followed by the more recent divergence of subspecies within each group (Fig. 1e) . Previous efforts at molecular dating have estimated that the four groups split from each other around 1 million years ago 3, 4 . Here we used a genealogical concordance method 23 to estimate the divergence times between the A, C and M groups in the range of 0.59-0.98 × 1.5N e generations, which indicates that they split from each other around 300,000 years before the present. Although the European M and C clades were highly genetically differentiated, this variation seemed to be a consequence of increased genetic drift in smaller populations rather than an older split. The C and O clades appeared to have diverged more recently from each other (0.58 × 1.5N e or ~165,000 years before the present). We estimated that the splits between subspecies within each of the four groups occurred 0.031-0.180 × 1.5N e generations ago, which corresponds to 13,000-38,000 years before the present, assuming a separate N e for each group ( Fig. 1e and Supplementary Fig. 8 ). An older divergence time was estimated between subspecies of the O group, which could be attributed to admixture in A. mellifera syriaca. These dates should be considered to represent minimum divergence times, as it is possible that honeybee clades diverged earlier but gene flow between them continued.
We performed a pairwise sequentially Markovian coalescent (PSMC) analysis 24 to infer historical changes in N e , using single representatives of each group sequenced at higher coverage. We inferred striking fluctuations in N e over time that mirrored glacial cycles 25 ( Fig. 1f and Supplementary Fig. 9 ). African populations appeared to have peaked in size during periods of glaciation in temperate latitudes, whereas European populations expanded or reached their maxima during interglacial periods. Since the last glacial maximum 20,000 years ago, African populations have been declining, whereas nonAfrican populations have been gradually expanding. Taken together, these analyses are consistent with A. mellifera colonizing its native geographic range >300,000 years ago, after which time the M and C lineages were confined to separate glacial refugia in southern Europe. These populations began to recolonize Europe after the last ice age, at a time when African populations were already abundant.
Pervasive influence of selection on the genome
We investigated the evolutionary forces affecting different functional classes of genes by analyzing the effects of selection on local variation. Genetic variation was reduced by ~50% within protein-coding exons and UTRs in comparison to introns and flanking noncoding regions (Fig. 2a) , indicative of the effects of purifying selection on functional regions (Supplementary Note). Previous studies have shown that, in the honeybee genome 26 (and the genomes of a wide variety of invertebrates 27 ), genes are divided into two distinct categories, which can be distinguished through a bimodal distribution of observed/expected CpG content (CpG O/E ). One low-CpG-content class, methylated in the germ line, is associated with housekeeping functions, and a second high-CpG-content class is associated with caste-specific functions 28, 29 . We first sought to clarify this relationship by analyzing two gene expression data sets: one that contrasted expression levels in workers with those in queens 30 and one that contrasted expression in workers with that in drones 31 (Fig. 2b) . Genes with increased expression in queens (average CpG O/E = 1.19) and workers (1.22) were slightly over-represented in the high-CpG-content category in comparison to those that were not biased toward expression in queens or workers (1.16). Worker-biased genes were strongly over-represented in the high-CpG-content category (average CpG O/E = 1.41) in comparison A r t i c l e s to both drone-biased genes (1.00) and genes whose expression was not biased toward either drones or workers (1.02). This finding suggests that germline-methylated genes tend to exhibit expression that is either unbiased or biased toward males (drones), whereas unmethylated genes tend to be biased toward expression in females (workers and queens). We next examined genetic variation in genes according to these categories (Fig. 2c) . The most striking pattern observed was that low-CpG-content genes had greatly reduced levels of variation in comparison to high-CpG-content genes (45% reduction). Consistent with this observation, we also found that genes with either unbiased or male-biased expression tended to have lower levels of variation. Levels of variation were reduced in these genes after correcting for the levels of divergence, which indicates that patterns of variation are also reduced by the effects of background selection (selection on linked variants). These results are consistent with the greater evolutionary conservation of germline-methylated genes and their role in housekeeping processes [26] [27] [28] [29] .
We also noted an average reduction in genetic variation in regions flanking genes. However, this effect extended only about 15,000 bp (or ~0.29 cM, in units of recombination frequency) (Fig. 2d) , which is consistent with the effect of the extremely high recombination rates observed in honeybees reducing linkage with selected variants. Sites in the immediate vicinity of genes (<2 kb away) had a 16% reduction in diversity relative to those distant from genes (>20 kb away). However, the majority of the genome (~77%) was within 15 kb of a gene and showed an average reduction in variation of 9% in comparison with distant sites. It therefore seems that the majority of the honeybee genome is affected by linked selection, which is more pronounced around lowCpG-content genes. This finding suggests that, as in Drosophila melanogaster 32 , selection has a pervasive impact on the honeybee genome and is not limited by a small effective population size.
Genomic signatures of local adaptation
To uncover genetic variants involved in local adaptation, we performed comparisons of the two European (M and C) groups and the African (A) group that each had independent histories from one another in different geographic regions. We excluded the O group because of its genetic proximity to the C group and recent admixture with the A group. We measured F ST at every SNP for all three possible pairwise comparisons of two groups pooled together in comparison with the remaining group (Fig. 3a and Supplementary Note). In each comparison, there was a striking increase in the proportion of SNPs that were located within protein-coding regions at levels of F ST greater than 0.9 (Fig. 3b) , which is strong evidence for the action of positive selection. Among SNPs fixed for different alleles in Africa (A) versus Europe (MC), we found 43% of SNPs in protein-coding regions in comparison to 7% of SNPs in the data set as a whole (P < 2 × 10 −16 , chi-squared test). On average, however, the average F ST of SNPs in protein-coding regions was not significantly different from that for SNPs in noncoding regions (P = 0.545, significance from bootstrap) (Supplementary Fig. 10) .
Window-based F ST decayed rapidly from high-F ST SNPs to background levels, on average at distances of only 20-30 kb (Fig. 3c) . We found significantly reduced levels of variation around SNPs with F ST > 0.9, indicative of the effects of positive selection on linked variants, which extended an average of 100 kb ( Fig. 3d and Supplementary Fig. 11 ). For the 194 SNPs that were fixed for alternate alleles in the A versus MC comparison, there was a 23% reduction in linked (≤20 kb) neutral diversity. Where possible, we categorized high-F ST SNPs according to which population had a high frequency of the derived allele. Very few derived alleles were found at high frequency in one African and one European group in the C versus AM and the M versus AC comparisons. However, in the A versus MC comparison, about half of the derived alleles were at high frequency in both European (M and C) groups and half were at high frequency in the African (A) group (Fig. 3e) . Among these two groups of variants are likely to be ones that are responsible for adaptation to temperate and tropical climates, respectively. I n t r o n 3 ′ U T R I n t e r g e n ic
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Genes under selection
We identified genes associated with the most differentiated SNPs taken from the top 0.1% of the F ST distribution for each comparison as candidates for positive selection (Fig. 4a , Supplementary Note and Supplementary Data Set 1). We found that high-CpG-content genes and genes with worker-biased expression patterns were over-represented among these genes, whereas the low-CpG-content housekeeping class, as well as genes with drone-biased expression, were under-represented ( Fig. 4b and Supplementary Fig. 12a ). This finding indicates that, despite the fact that workers are sterile and do not directly pass on favorable alleles, their behavior and physiology are a major target of selection. A r t i c l e s study identified an excess of genes with worker-biased expression under positive selection in the A. mellifera lineage and showed that positively selected genes were more likely to be taxonomically restricted 33 . We analyzed the Gene Ontology (GO) of the selection candidates, subdividing variants according to genomic location (protein-coding sequence, intron and intergenic region), and detected 262 significantly enriched GO terms (P < 0.05; Supplementary Data Set 2). Many highly differentiated noncoding SNPs, which are likely to have regulatory functions, were associated with devel opment and morphogenesis (Fig. 4c,d and Supplementary Fig. 12b ).
Candidate genes linked to abnormalities in muscles, bristles, trachea, appendages or mouth parts in Drosophila mutants might reflect selection on morphological variation across the geographic range of honeybees (see the Supplementary Note for details).
We detected an increase in the proportion of nonsynonymous substitutions among high-F ST SNPs in the coding regions of genes, evidence for positive selection on amino acid sequences in bees (Supplementary Fig. 10c) . We also identified selection in genes encoding proteins involved in cell signaling and response to stimulus (Fig. 4c,d ) in addition to neuropeptides, protein hormones, glycolytic enzymes and G protein-coupled receptors, which control social behavior, development, feeding and reproduction 34 . African and European bees differed in the AST gene encoding the juvenile hormone-inhibiting allatostatin, an Ih-like dopamine regulator, and the genes for several odorant receptors. We detected a nonsynonymous variant in the neuronal gene RhoGAP100F (Rho GTPase-activating protein at 100F), which evolves rapidly in highly social insect lineages 35 . We found highly differentiated SNPs in the exonic regions of key genes in the insulin-vitellogenin signaling pathway, which is important for queen longevity and for worker labor division 36 , including a large number of highly differentiated SNPs in the 3′ UTR of IhR (encoding the insulin-like receptor) and nonsynonymous SNPs in the foxo (forkhead box, subgroup O), Vg (vitellogenin) and yl (vitellogenin receptor) genes ( Supplementary  Fig. 13a ). It has been suggested that worker bees from temperate climates have increased capacity for vitellogenin storage, an adaptation that increases the longevity of overwintering bees 37 . This pathway might be dynamically evolving in bees, leading to geographic differences in queen longevity and fecundity 6 .
The only significantly enriched GO biological process among all coding SNPs with signals of selection was microtubule-based movement, represented by several genes of the dynein sperm motor protein complex, including dynein intermediate chain 3 and the dynein heavy chain genes 1, 2, 3, 7, 10 and 16F (Supplementary Fig. 13c ), whose orthologs are nearly all strongly expressed in Drosophila testis (data from FlyBase). We also identified Est-6, encoding seminal fluid enzyme esterase 6, which controls mating behavior in Drosophila 38 , and the Pex16 gene (peroxin 16), involved in spermatocyte maturation 39 . Queens often mate with 20 or more drones, a mating system that can be expected to induce sperm competition and rapid sperm evolution. Selection due to sperm competition might be stronger in African bees owing to a higher degree of polyandry 40, 41 . The reproductive success of African over European drones when experimentally mated with queens 42 could potentially be explained by the differences we observed in sperm-related genes between bees from these geographic regions.
Honeybee immunity and response to infection range from the innate immune system to hygienic behaviors at the colony level. African bees differ from European bees in their capacity to tolerate and survive infection by Varroa mites 10, 11 and, likely, other pathogens 43 . In the A versus MC comparison, nonsynonymous high-F ST SNPs were significantly enriched in a GO category related to antibacterial peptides from the Imd pathway (P < 0.008), including PGRP-LC, Rel (relish) and Iap2 (baculoviral IAP repeat-containing protein 4). Further highly differentiated coding SNPs were found in many innate immune defense genes within the Toll and JAK-STAT pathways, including pll (pelle) and several serine proteases. pll was earlier detected as being quickly evolving in social insects 35 . Among the top coding A versus MC SNPs, we also detect significant (P = 0.012) enrichment for genes involved in platelet plug formation, which is activated to heal wounds and form infection barriers in insects 44 , including Hml (hemolectin) (Supplementary Fig. 13d ). We also detected nonsynonymous variants in Vps13, encoding the autophagous vacuolar protein sorting 13, and GMCOX12 and GMCOX13, encoding two encapsulating glucose dehydrogenase proteins, which are involved in the cellular response to pathogens. Functional characterization of these variants is likely to provide insights into the mechanisms of pathogen response in honeybees.
DISCUSSION
This study provides insights into the origins, evolution and genetic basis of adaptation in A. mellifera, a species of crucial importance to human society and the natural world. Our analysis indicates that honeybee population sizes have varied greatly in the past, likely owing to climatic changes. We find no evidence for an African origin of A. mellifera 7 , and an origin closer to the only other Apis species, which are all restricted to Asia, is more consistent with our analysis 8 . Genes encoding worker traits are often involved in adaptation, which supports a role for kin selection. Our inference of strong selection on a number of genes with probable roles in sperm motility and maturation implicates sperm competition as a major driver of honeybee evolution. Differences in these genes between African and European bees might explain the reproductive advantage of Africanized bees 42 . We also identify a number of differences in genes involved in immunity between African and European honeybees, which might explain differences in disease resistance. Further studies of the genes and candidate mutations identified here will be useful for protecting honeybee populations from current and future challenges, including climate change and pathogens.
URLs. PHYLIP, http://evolution.genetics.washington.edu/phylip. html.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. All data from this study have been deposited at the NCBI Sequence Read Archive (SRA) under BioProject PRJNA236426. A. mellifera anatoliaca (O) and A. mellifera scutellata (A). SNPs were called on these samples using the standard pipeline recommended in ref. 24 . SNPs designated as being of poor quality on the basis of the filters in the analysis of 140 samples were also filtered from this high-coverage data set. Thirty iterations of the algorithm were completed for each sample. A generation time of 1 year was used to convert estimates into time in years.
Analysis of methylation and gene expression. We measured CpG O/E , which is a measure of the depletion of CpG dinucleotides, using the full predicted transcript sequences for all genes in Amel_4. 5 (ref. 26 ; Supplementary Note). CpG O/E is the number of CpG dinucleotides normalized by GC content. It is lower in highly methylated regions owing to the elevated mutability of methylated CpG dinucleotides. We obtained two gene expression data sets based, respectively, on comparison of queens and sterile workers 30 and drones and workers 31 . These data sets were described in ref. 26 . We identified 1,700 and 6,500 genes in each data set by mapping accession IDs and probe sequences to the Amel_4.5 genome sequences. These data sets were divided into those with increased expression in one caste and those with unbiased expression on the basis of original definitions. We analyzed the relationship between expression categories and CpG O/E distribution. Finding a clear bimodal distribution, we divided genes into categories with high and low CpG O/E on the basis of whether the CpG O/E was higher or lower than the mean (1.19).
We measured average genetic variation in different genomic categories defined by genome annotation using Watterson's estimator and estimated confidence intervals using bootstrapping. We next estimated genetic variation in the protein-coding regions of genes defined by expression and CpG categories. We corrected these measures using divergence with A. cerana reads. Levels of divergence with A. cerana reads were not estimated for noncoding regions because of poorer mapping of A. cerana reads. We also analyzed the levels of genetic variation in 1-kb windows at increasing distance from genes divided according to CpG O/E category. Selection analysis. We estimated F ST per SNP on the basis of three separate comparisons based on a standard formula (Supplementary Note). We omitted the O group owing to evidence for admixture with the A group. For each comparison, we pooled sequences from two groups to calculate F ST with the remaining group (that is, AM versus C, AC versus M and MC versus A). We divided SNPs by F ST interval and calculated the proportion in each annotation category (coding, noncoding, intronic and UTR). We also estimated the enrichment of CpG and expression categories as well as the levels of heterozygosity in windows (1 kb) of increasing distance from SNPs divided by F ST category. We also estimated the proportion of SNPs in each F ST category that were derived on the basis of the ancestral state as inferred from A. cerana reads.
Gene Ontology analysis. To identify homologs for the honeybee gene set, we used the honeybee gene set in BLAST analysis to query the Drosophila genome. This analysis was performed using the honeybee coding sequence from Amel_4.5 as the query and performing stand-alone BLASTX against Drosophila peptide sequences obtained from BioMart. We used the best Drosophila hit to determine the GO category for each honeybee gene. We used the REVIGO tool to produce summaries of nonredundant GO terms grouped into functional categories 55 .
